The diffusion parameters of diamagnetic muons in chalcopyrites CuInSe 2 , CuInS 2 , CuInTe 2 , CuGaTe 2 and (Ag 0.25 Cu 0.75 )InSe 2 were obtained by mSR methods. The variations among the different compositions were found to validate the anion-antibonding localization model. The application of a two-state model to the zero-field data revealed muon trapping by defects. The dipolar width at the trap and the number of jumps before trapping were determined. The Cu vacancy is identified as the trapping center in CuInSe 2 and the energy depth of the trap has been determined. r
Chalcopyrites constitute a very relevant topic in solar-cell research and are already being used in industry [1] . Their structure is derived from the II-VI compounds with zincblende structure, but the cations alternate between groups I and III elements and the unit cell is slightly tetragonally distorted. The most prominent material used so far in solar cells is CuInSe 2 . In this material the formation probabilities for the most common defects in various stoichiometric cases are known from theoretical calculations performed by Zhang et al. [2] .
In previous work [3, 4] , we have identified the diamagnetic muon site in CuInSe 2 at low temperatures as being the Se anion anti-bonding site, considering both the transverse-field depolarisation rate and the zero-field dipolar width. We have also studied the muon site and diffusion in CuInSe 2 and CuInS 2 . In this work we extend the study to CuInTe 2 (completing the systematics over the group VI anions). We also extend this research to CuGaTe 2 and to the mixed quaternary compound (Ag 0.25 Cu 0.75 )InSe 2 . A two-state model analysis of the observed muon trapping in structural defects is also presented.
The CuInTe 2 , CuGaTe 2 and (Ag 0.25 Cu 0.75 )InSe 2 samples used in this work were single crystals grown by the vertical Bridgman technique. The CuInSe 2 p-and n-type single crystals and the CuInS 2 crystallites were samples used previously [3, 4] . Transverse field experiments were performed at the Paul Scherrer Institut (GPS instrument), Switzerland, at temperatures from 2 to 312 K. Zero-field experiments took place at the ISIS Facility, Rutherford-Appleton Laboratory, UK, in the temperature range from 10 to 500 K. It was found, by transverse-field measurements, that the majority of the implanted muons were in a diamagnetic state for all the samples studied, as had been already observed for CuInSe 2 and CuInS 2 [3] . At low temperatures a small paramagnetic fraction of implanted muons (5-10%) was found, this fraction converting to diamagnetic around 100 K in all compounds studied [3] .
A preliminary qualitative description of the behaviour of the diamagnetic muon was obtained by fitting the zero-field data with a singlecomponent static Kubo-Toyabe (KT) function [5] . Fig. 1 shows the values of dipolar width D obtained for some of the compounds. The other compounds studied show similar results. This function only fits the data well in the lower temperature range and in the vicinity of the higher temperature range peak. Although the value of D obtained has no direct physical meaning in the other temperature ranges, this preliminary analysis serves the purpose of distinguishing the different ranges and suggesting appropriate physical interpretation and analysis. We can thus distinguish three main ranges in Fig. 1 : low-temperature; the range of sharp decrease in D; the higher temperature range, where D is either stable or shows a peak. Each of these ranges suggest a different mechanism and fitting procedure, which will be discussed in the following paragraphs.
At the lower temperatures ( Fig. 1) , the muon is static in the lattice, with D characteristic of the occupied site, the results obtained for the newly measured samples being compatible with localisation at the anion anti-bonding site [3] .
The sharp decrease of the one-component fitted D with increasing temperature (Fig. 1 ) results from diffusion of the muon. Jump rates as a function of temperature were obtained from more appropriate fits using a dynamic KT function. Fig. 2 shows Arrhenius plots of the jump rates for some of the samples. Activation energies and pre-exponential factors for all samples were obtained by linear fits to Arrhenius plots and are presented in Table 1 , together with the limits of the temperature range where diffusion is observed. These limits differ among the compounds only when a different anion is present, being the highest for S and lowest for Te. This reflects the decrease in the strength of the muon-chalcogen bond from S to Te. Concomitantly, we observe the highest activation energy for the S chalcopyrite and the lowest for the Te chalcopyrites.
In the higher temperature range of Fig. 1 the decrease of D ceases and its value either stabilises, as in CuInTe 2 , or shows a peak at some temperature value, as in CuInSe 2 , CuInS 2 , CuGaTe 2 and (Ag 0.25 Cu 0.75 )InSe 2 . This is interpreted as an interruption of the diffusion process by trapping in the vicinity of defects. We assume that in this temperature range the polarisation of diffusing muons is described by an exponential relaxation l; which is the high jump-rate limit of the dynamic KT function. The polarisation of trapped muons is described by a static KT function (KT stat ) with a D trap characteristic of the trapping site. For rapidly diffusing muons that are trapped after a mean 'free' time t f the zero-field polarisation is described (assuming that the muon stays in the trap) by the function:
The inverse free time is proportional to the trapping radius r trap ; the concentration of traps c trap and the muon's diffusion constant D m [6]:
where D m is proportional to the muon jump rate n jump [6] . Thus the inverse free time is simply proportional to the muon jump rate and is expected to follow an Arrhenius law. We have performed a simultaneous fit to all the zero-field data where trapping is the dominant feature, by imposing Arrhenius behaviour on the individual free times with the activation energies of Table 1 . The corresponding temperature ranges, as well as the relevant fitting parameters, are summarised in Table 2 . The mean number of jumps N before trapping (N ¼ n 0 t 0f ) is also indicated. We shall now focus on the CuInSe 2 results. The low value of the dipolar width D trap at the trap (the same for both the n-and the p-type samples) indicates that the muon is much further apart from spin-carrying nuclei than at low temperatures. A vacancy is therefore likely to be the defect responsible for the trapping. Dipolar width simulations for the most probable vacancies in our samples indicate D I ¼ 0:0997 ms À1 for Cu vacancies and D III ¼ 0:085 ms À1 for In vacancies, as shown in Table 2 . Local distortions around the muon (not considered in the simulations) tend to reduce D (10-20% reduction being usual [7] ), which makes the value for Cu vacancies consistent with our experimental result. Since the formation enthalpy of Cu vacancies is lower than that of In vacancies [2] it is expected that the Cu vacancies are more abundant. We thus identify the Cu vacancies as the defect responsible for muon trapping in CuInSe 2 . It is not possible to determine the defect concentrations, since the trapping radius is unknown. Assuming the trapping radius to be equal to the jump step (about 2 ( A), we obtain concentrations on the order of 10 20 cm À3 , which Table 2 Temperature range, dipolar width at the trapping site D trap and pre-exponential factor t 0 (from fits), corresponding mean number N of jumps before trapping, and calculated dipolar widths at group-I and group-III cation vacancies (D I and D III ; respectively), for each sample Detrapping of the muon is expected to become probable when the thermal energy is of the order of E trap ; therefore reducing again the single component D through diffusion. Such a reduction is observed for CuInSe 2 above 375 K (Fig. 1) 
Of course, if the process turns out to be too fast, Eq. (3) must be modified in order to accommodate trapping-detrapping succession [8, 9] . We have fitted our CuInSe 2 data with this model, in order to estimate E trap : Detrapping being a thermally activated process, t t is expected to follow an Arrhenius law. As for the trapping, we have performed a simultaneous fit to all relevant data. We have obtained E trap ¼ 267ð40Þ meV for the p-type sample and E trap ¼ 664ð79Þ meV for the n-type sample. The pre-exponential factors are of the order of 10 À2 ms.
